Lead-lag dampers are present in most rotor systems to provide the desired level of damping for all flight conditions. These dampers are critical components of the rotor system and also represent a weight and drag penalty together with a major source of maintenance costs. The performance of semiactive Coulomb friction based lead-lag dampers is examined in this study. First, conceptual designs of semiactive friction dampers for rotorcraft applications are briefly presented. Next, the concept of adaptive damping is discussed: by adjusting the normal contact force at the frictional interface, the energy dissipation characteristics of the device can be tailored, providing "damping on demand." The behavior of friction dampers in both ground resonance and forward flight is simulated for the UH-60 aircraft and compared with that of present hydraulic dampers. The approach used for modeling the frictional process is presented in detail. The final part of this paper explores the concept of selective damping, in which the energy dissipation capacity of semiactive devices is targeted to a specific mode. Practical implementation of this concept is shown to face many challenges.
Introduction
Although it would be most desirable to completely eliminate leadlag dampers from articulated helicopter rotor systems, this ideal goal remains elusive despite significant research in this area. Designs have been proposed that eliminate the need for lead-lag dampers in ground resonance or air resonance cases, but designs that achieve both goals simultaneously have not been fully satisfactory (Refs. [1] [2] [3] [4] [5] [6] . Furthermore, lead-lag damping is also required during maneuvering flight, such as descent flight conditions. Consequently, lead-lag dampers are found on many rotor systems despite the added mechanical complexity and cost. Hydraulic dampers are complex mechanical components that require the use of hydraulic fluids in the rotating system. This results in high maintenance costs to prevent oil leaks and subsequent failure. Moreover, internal seal failures can reduce damping in the device with no external signs of leakage. Elastomeric dampers are conceptually simpler and provide a "dry rotor," but their damping characteristics can degrade due to temperature and stress cycling, thus resulting in high maintenance cost. More often than not, this degradation occurs without external signs of failure, and hence dampers must be replaced on a regular basis, further contributing to the high cost of ownership of the device. It should also be noted that elastomeric dampers present a certain stiffness associated with the inherent stiffness of the material. This stiffness changes the rotor dynamic characteristics, and hence the damper becomes an integral part of the rotor system.
The hydraulic and elastomeric lead-lag dampers described in the previous paragraph are usually passive devices. More often than not, dampers are designed to provide sufficient damping for the most critical * Corresponding author; e-mail: olivier.bauchau@aerospace.gatech.edu flight conditions, typically ground resonance and violent maneuvers. For passive devices, this damping level and the associated damping forces will then be present at all flight conditions, whether required or not. In many cases, the required level of damping in forward flight might be significantly lower than that required in ground resonance; yet, when a passive device is used, the same damping level will be present throughout the flight envelope. In forward flight, dampers will experience large 1P motions due to Coriolis and drag forces, resulting in large damper forces; since 1P motions will not lead to an instability, these large damping forces might not be necessary, although contributing to fatigue of the damper and connected components. This problem was recognized in the design of hydraulic lead-lag dampers. The hydraulic damper of the UH-60 helicopter, for instance, features a pressure relief valve that limits the damper force to a preset level for high stroking velocity. While such hydraulic damper remains a passive device, it clearly features an attempt to achieve "damping on demand," i.e., the tailoring of the amount of damping provided by the device to the required damping level.
The concept of "adaptive damping" or "damping on demand" takes on new dimensions when semiactive devices are used as rotorcraft lead-lag dampers. In semiactive devices, actuation is used to modify the physical characteristics of a passive element. This is to be contrasted with active devices, for which controlled actuation forces are directly applied to the system. For instance, the use of semiactive, magnetorheological fluid dampers was explored by Gandhi et al. (Refs. 7, 8) and Zhao et al. (Ref. 9) . In this concept, the lead-lag damper is a hydraulic device featuring a magnetic particle laden fluid. A magnetic field is used to change the rheological properties of the fluid, thereby adjusting damping levels to meet the requirement for a specific flight condition. Further investigations, such as in Ref. 10 , have been done including magnetorheological fluid devices in more advanced damper designs. In this work, a different concept is investigated: Coulomb friction forces will be used to provide the required damping force. Using Coulomb friction forces in a passive device presents numerous difficulties. If the normal force acting on the frictional interface is low, sliding takes place, but according to Coulomb's law the frictional force remains small, as does the resulting energy dissipation. On the other hand, for high values of the normal force, high static frictional forces are obtained and the interface remains locked; no energy is dissipated since no relative motion is taking place. Clearly, the ability to control the normal contact force is crucial.
Friction damping is extensively used in engineering applications. Automotive and aircraft brakes operate based on Coulomb friction forces: the kinetic energy of the vehicle is transformed into heat through the frictional process. Furthermore, semiactive brakes are in service for both aircraft and automotive applications: the antilock brake concept uses modulation of the normal contact force at the frictional interface to control the frictional force level, thereby preventing locking the wheels and losing control of the vehicle. Jet engine turbine blade vibrations are often damped by Coulomb friction forces (Refs. 11, 12) . A wedge contacting two neighboring blades creates frictional interfaces, and the centrifugal force provides the constant normal force at the interface.
Semiactive friction dampers have also been used for structural vibration control. have developed and tested instrumented joints for optimal vibration control of space truss structures. In their concept, a piezoelectric element is used to modulate the normal force at the frictional interface of a bolted joint. A controller measures the relative motion at the joint and varies the normal force level to achieve maximum energy dissipation. Various control algorithms have been developed to perform this task, as detailed in Refs. 14, 18, and 19. The effectiveness of this approach was experimentally validated for a large space truss structure (Ref. 16 ).
The proposed semiactive friction lead-lag dampers are similar to the semiactive devices discussed in the previous paragraphs, although important differences exist. The most important difference is that structural vibration control devices are designed to dissipate as much energy as possible, whereas the role of lead-lag dampers is far more complex. On the ground, the role of lead-lag dampers is to control ground resonance, a well understood mechanical instability (Ref. 20) . It is critical for the device to provide enough damping to control the instability, but if this condition is met, little vibratory energy will build up and hence little energy dissipation capacity is required. In forward flight, lead-lag motions are driven by the blade's coupled flap/lag/torsion dynamics and hence dampers presenting large damping characteristics will generate undesirably high loads in the hub and blade. Lowering damping capacity and resulting loads might be desirable in this flight regime. Finally, in maneuvering flight, larger damping capacity might once more be required.
This discussion points out some desirable features of semiactive leadlag dampers. First, they should be adaptive, in the sense that the available damping level should be adjusted as a function of flight regime. Second, a selective design could enhance device performance: damping could target specific rotor modes, in contrast with passive designs that are unable to distinguish among the various modes contained in the blade response.
To be more precise, it would be ideal if the damper could dissipate energy of the rotor regressive lag mode when operating in forward flight, while minimally affecting the other modes. Selectivity requires control algorithms that are aware of the level of excitation of rotor modes to target energy dissipation to the desired modes.
The paper is divided into three main sections. First, conceptual designs of semiactive friction dampers for rotorcraft applications are briefly presented. Next, the behavior of adaptive friction dampers is simulated in both ground resonance and forward flight for the UH-60 aircraft and compared with that of present hydraulic dampers. The approach used for modeling the frictional process is presented in detail. The assessment of the energy dissipation characteristics of the various designs is based on an autoregressive signal analysis procedure. Finally, the concept of selective damping is explored using a simplified analytical rotor model. Practical implementation of this concept is shown to face many challenges.
Semiactive Lead-Lag Damper Designs
In this section, conceptual designs for semiactive lead-lag dampers are briefly described; detailed engineering designs are beyond the scope of this work. The first concept is to use a hydraulic system featuring a single piston, floating caliper design, an approach widely used for automobile brakes. Such designs are readily available from automobile or automotive parts manufacturers and hence will not be reproduced here. The advantage of this approach is that the vast engineering database on automotive brakes could be leveraged, providing proven designs and materials and leading to low-cost devices. The disadvantage of this approach is that it requires the use of hydraulic lines in the rotating system. However, since the driving piston is undergoing very small motions, no dynamic seals are required, drastically limiting leaks.
In an effort to avoid hydraulic systems, the second concept uses an electric motor to actuate a floating caliper design similar to that used in automotive brakes. The last concept relies on piezoelectric actuation: A set of piezoelectric stack actuators provides the required normal force at the friction interface, generating the desired friction force. The actuators work in compression at all times, a requirement for piezoelectric stacks. The advantage of these last two approaches is the electric actuation: these are "dry dampers." A number of disadvantages stem from the limitations of piezoelectric actuation. Indeed, as wear develops at the frictional interface, an increasing stroke will be required of the stack actuators. In view of the limited strain capability of piezoelectric stacks, the actuator might not be able to provide this increasing stroke, limiting the effectiveness of the damper. Note that the self-centering, floating caliper design used in the first two proposed approaches elegantly overcomes this problem. One important aspect of the proposed semiactive dampers is the very modest amount of power required for operation. Indeed, the actuators do not directly apply force to the structure, rather, they modulate the normal force at the frictional interface, indirectly affecting the damper's energy dissipation characteristics.
Assessment of Adaptive Friction Dampers
In this section, the semiactive, Coulomb friction based lead-lag damper concept described in the above sections is applied to the UH-60 helicopter. The simulations rely on a finite element based multibody dynamics code, and the approach used for modeling the frictional process is presented in detail. The damper's predicted performance is compared to that of the hydraulic damper presently used for this rotor system. The damping rates of both hydraulic and friction dampers will be computed in both ground resonance and forward flight, based on a novel stability analysis methodology (Ref. 21 ). Results will be presented for various normal force levels to demonstrate the ability of the proposed friction devices to provide damping on demand.
Rotor/fuselage/landing gear model
Sikorsky's UH-60 four-bladed helicopter will be used as a test bed for this analysis. The description of the physical properties of the rotor can be found in Ref. 22 . The structural model involves four blades connected to the hub through blade root retention structures and leadlag dampers. Figure 1 shows the configuration of a typical blade, which was discretized by means of 13 cubic finite elements using the finite element based multibody dynamics code described in Ref. 23 . The root retention structure, connecting the hub to the blade, was separated into three segments labeled segment 1, 2, and 3, respectively, in Fig. 1 . The first segment, modeled by one beam element, was attached to the hub. The flap, lead-lag, and pitch hinges of the blade were modeled by three revolute joints connecting the first two segments of the root retention structure. The physical characteristics of the elastomeric bearing were represented by springs and dampers in the joints to model the stiffness and energy dissipation characteristics of the elastomeric material. The outer two segments, each modeled by two beam elements, were rigidly connected to each other and to the pitch horn. Finally, the outermost segment was rigidly connected to the blade and damper horn. The pitch angle of the blade was set by the following control linkages: the swashplate, pitch link, and pitch horn. The pitch link, modeled by three cubic beam elements, was attached to the rigid swashplate by means of a universal joint and to the rigid pitch horn by a spherical joint. The damper arm and damper horn were modeled as rigid bodies. The lead-lag damper was modeled as a prismatic joint; its end points were connected to the damper arm and horn. Since the kinematics of the damper are accurately modeled, all kinematic couplings between blade and damper motions are taken into account.
For forward flight simulations, the hub of the rotor model described in the previous paragraph was connected to the ground; fuselage dynamics was therefore ignored in this case. For ground resonance simulations, the same rotor model was connected to the fuselage, represented by a rigid body with appropriate mass and moment of inertia characteristics. The landing gear consists of three supporting structures: the left, right, and tail gears, respectively. Each gear includes an oleo strut and tire. The oleo struts were modeled as prismatic joints connected to the fuselage center of mass and to the tires. The axis of each prismatic joint was properly aligned with the axis of the corresponding strut, and a combination including springs and a linear dashpot was added to each prismatic joint to model the characteristics of the two-stage oleo device. The tires were modeled by a set of linear springs and dashpots connected to the ground. Each tire features three spring stiffness constants: one constant for motion in the direction perpendicular to the ground plane and two constants for motions in the ground plane. Additional information and data about the fixed system model can be found in Refs. 24 and 25.
Friction modeling
An important aspect of the present work is the modeling of the friction dampers. From a kinematics standpoint, the damper is modeled as a prismatic joint, which allows the relative displacement, , of the two sides of the joint along a prescribed direction in the material frame, n. The normal force at the frictional interface is denoted f n , a timedependent user input. The friction model described later then evaluates the magnitude of the frictional force, which is applied as equal and opposite forces on the two sides of the joint, providing full coupling between the frictional process and the system dynamic response.
The detailed modeling of frictional forces poses unique computational challenges that will be illustrated using Coulomb's law as an example. When sliding takes place, Coulomb's law states that the friction force, F f , is proportional to the magnitude of the normal force,
is the coefficient of kinetic friction and v =˙ the magnitude of the relative velocity vector at the prismatic joint. Both friction force and relative displacement are positive in the direction ofn. If the relative velocity vanishes, sticking takes place. In this case, the frictional force is |F f | ≤ μ s f n , where μ s is the coefficient of static friction.
Application of Coulomb's law involves discrete transitions from sticking to sliding and vice versa, as dictated by the vanishing of the relative velocity or the magnitude of the friction force. These discrete transitions can cause numerical difficulties that are well documented, and numerous authors have advocated the use of a continuous friction law (Refs. 26-28) typically written as
where (1 − e −|v|/v 0 ) is a "regularization factor" that smoothes out the friction force discontinuity and v 0 a characteristic velocity usually chosen to be small compared to the maximum relative velocity encountered during the simulation. The continuous friction law describes both sliding and sticking behavior, i.e., it completely replaces Coulomb's law. Sticking is replaced by "creeping" between the contacting bodies with a small relative velocity. Various forms of the regularizing factor have appeared in the literature; a comparison between these various models is given in Ref. 29 .
Replacing Coulomb's friction law by a continuous friction law is a practice widely advocated in the literature; however, this practice presents a number of shortcomings (Refs. 30, 31) . First, it alters the physical behavior of the system and can lead to the loss of important information such as abrupt variations in frictional forces; second, it negatively impacts the computational process by requiring very small time step sizes when the relative velocity is small; and finally, it does not appear to be able to deal with systems presenting different values for the static and kinetic coefficients of friction. Over the years, several friction models have been proposed that more accurately capture various physical aspects of the friction process, such as the Valanis model (Ref. 
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The LuGre model is an analytical friction model summarized by the following two equations:
The first equation predicts the instantaneous friction coefficient μ as a function of the relative velocity, v, of the two contacting bodies and an internal state of the model, z, that represents the average deflection of elastic bristles whose interactions result in equal and opposite friction forces on the two bodies. The second equation is an evolution equation for the average bristle deflection. The coefficients σ 0 , σ 1 , and σ 2 are parameters of the model; μ s and μ k are the static and kinetic friction coefficients, respectively; v s the Stribeck velocity; and γ the final model parameter, which is often selected as γ = 2. The friction force acting between the bodies is then F f = μf n . The LuGre model has been used in conjunction with finite element based multibody formulations to solve a number of aerospace applications (Refs. 39, 40) .
In all the simulations presented here, the dynamic friction coefficient was set to μ k = 0.3, while the static friction coefficient was chosen to be μ s = 0.35. An initial study was conducted to compare the efficacy of the LuGre model with a regularized Coulomb model in which
, where the characteristic velocity was selected as v 0 = 5 × 10 −6 ft/s. The regularized Coulomb model was found to yield similar results, with reduced computational costs. Therefore, all further simulations discussed here use the regularized Coulomb model. To avoid numerical difficulties during the simulations, the normal force was slowly increased from zero to its nominal value. As explained in Refs. 39 and 40, time adaptivity must be used for the integration of the equations when frictional processes are present in the model. This allows time step sizes to be selected more judiciously: smaller time step sizes are used in the vicinity of the singularities stemming from the highly nonlinear friction model.
Stability analysis
To compare the proposed friction based dampers with present hydraulic dampers, a performance index must be defined that characterizes the energy dissipation capability of the devices. For a linear dashpot, the dashpot constant fully defines the device and its energy dissipation characteristics. However, in view of the strongly nonlinear characteristics of both hydraulic and friction devices, it is unlikely that a single number can be used to rank their respective performances. Furthermore, because the response of the rotor system is fully coupled with that of the damper, the performance of the complete system must be assessed, rather than that of the damping device per se. Hence, the rotor damping rate in the lead-lag mode seems to be a good measure of performance.
Typically, rotor damping rates are assessed by means of the following stability analysis procedure: first, the equations of motion of the system are linearized, second, rotor frequencies and damping rates are evaluated as the eigenvalues of the system's characteristic matrix. Such an approach is not possible here, because a phenomenon such as friction cannot be linearized. Bauchau and Wang (Refs. 21, 41) have proposed a different approach to stability analysis: Comprehensive rotorcraft models are used as virtual prototypes of the actual dynamical system, and the analyst is running a set of "experiments" to determine the stability characteristics of the system by means of methods that are typically used in an experimental setting. Two approaches were proposed based on closely related autoregressive and partial Floquet formulations, respectively; the autoregressive formulation will be used in this work. Since this approach assumes the system to be linear, any nonlinearity in its response is interpreted as noise. In fact, the autoregressive method synthesizes a best fit linear approximation of the observed nonlinear response of the system. To deal with noise, the autoregressive procedure makes systematic use of the singular value decomposition. By selecting the rank of the autoregressive matrix, the user automatically eliminates from the data set the unwanted noise. Of course, selecting different rank numbers will lead to slightly different predictions of the system stability characteristics. Finally, it must be noted that it is difficult to identify the heavily damped modes of the system with this approach: indeed, the amplitudes of such modes rapidly decay, making it difficult to distinguish them from noise. More details can be found in Refs. 21, 41, and 42.
Ground resonance analysis
The rotor/fuselage model described earlier will now be used to assess the performance of the proposed friction dampers in ground resonance. Simulations were run for rotor speeds within the range of 0-300 rpm. In this simplified analysis, the effects of aerodynamic forces were ignored, and all blades were set at zero pitch angle at the 3/4 radius. The structural equations were integrated using at least 256 time steps per rotor revolution; when modeling friction dampers, time adaptivity was used resulting in higher numbers of time steps. A number of revolutions were simulated until a periodic solution was obtained or an instability observed. To extract the rotor stability characteristics, a perturbation was applied to the system in the form of a lateral impulsive force of triangular shape acting at the fuselage center of mass for a duration of 0.4 s and with a peak amplitude of 2000 lb. This provides a suitable perturbation to excite any unstable behavior. The signals used for the stability analysis are the vertical displacements of the left and right landing gears. A positive damping ratio, or decay rate, associated with an identified mode indicates that this mode is stable, whereas negative decay rates correspond to unstable modes.
Three cases will be contrasted. At first, simulations were run with the lead-lag dampers removed from the model; in that case, the system does present the ground resonance instability, as expected. Figure 2 shows the decay rates of the least damped mode extracted from the simulations using the autoregressive stability analysis procedure. While the rotor/fuselage system is stable without lead-lag dampers for the lowest rotor speeds, it goes into ground resonance for speeds at and above about 75 rpm. The most unstable range is for rotor speeds of 100-150 rpm. For each simulation, the stability analysis procedure was run for rank numbers of the autoregressive matrix r = 6, 12, 18, 24, 30, 36, 42, 48, and 54. The minimum and maximum decay rates are reported in the figure as error bars, together with the average decay rate for all rank numbers. All other figures in this section will present decay rate predictions in a similar manner. The stability analysis procedure also extracted the pitch mode of the fuselage, which is well damped at all rotor speeds. In Fig. 2 , the decay rates for the regressive lag mode are indicated by circles, whereas the corresponding predictions for the fuselage pitch mode are indicated by triangles; a similar convention will be used in subsequent figures. At low rotor speeds, it is difficult to identify the regressive lag mode because it is heavily damped; hence, the corresponding data do not appear in the figure. At 100 rpm, the estimated stability characteristics exhibit a large amount of scatter. This stems from the fact that at this rotor speed, the rotor lag regressive and fuselage pitch mode frequencies are nearly coincident. In fact, in all subsequent cases, the two frequencies will be matching at around 100 rpm. Hence, it is difficult for the autoregressive algorithm to estimate the characteristics of these two modes, one stable, the other unstable. The instability frequencies extracted from the landing gear motion, i.e., in the fixed system, were found to be at 7 and 10.8 rad/s, for rotor speeds of 100 and 150 rpm, respectively, corresponding to 10.5 and 15.7 rad/s, respectively. The corresponding frequencies extracted from the blade lag motion or the damper displacement, i.e., in the rotating system, were found to be at 3.1 and 4.7 rad/s, respectively. These results are consistent since at 100 rpm, |3.1 − 10.5| = 7.4 ≈ 7 rad/s, and at 150 rpm, |4.7 − 15.7| = 11 ≈ 10.8 rad/s.
Next, a set of simulations was run with the hydraulic dampers in place. The actual hydraulic dampers mounted on the UH-60 helicopter were simulated using the physics-based modeling approach developed by Bauchau and Liu (Ref. 43) . Figure 3 shows the decay rates of the least damped mode extracted from these simulations; clearly, the hydraulic damper stabilizes the system at all rotor speeds, always providing about 12% critical decay rates. Here again, it was difficult to extract the regressive lag mode decay rate because the hydraulic damper provides ample damping to the system, thereby stabilizing the regressive lag mode. In general, it was only possible to identify the regressive lag mode when it was unstable or lightly damped.
Finally, a set of simulations was run with the proposed friction dampers in place. Figures 4 and 5 show the predicted decay rates for two levels of the normal force at the frictional interface, 6000 and 500 lb, Fig. 3 . Decay rate for several rotor speeds, for a helicopter in ground resonance with a hydraulic lead-lag damper. respectively. At the 6000-lb normal force level, the decay rate of the least damped mode is about 13%. This level of normal force totally eliminates the ground resonance instability. Hence, the friction damper provides decay rates that are comparable or better than those provided by the hydraulic device. In the case of the 500-lb normal force, the decay rates for the fuselage pitch mode are similar to those observed with the hydraulic device, but the regressive lag mode is stable only for rotor speeds up to about 200 rpm. Clearly, under a 500-lb normal force, the performance of the friction device is not sufficient to control the ground resonance.
To complete this study, a set of simulations was run at a constant rotor speed of 150 rpm, but varying the magnitude of the normal force at the frictional interface from 0 to 6000 lb; the decay rates extracted from these simulations are shown in Fig. 6 . For very low normal force levels, the friction damper controls the ground resonance instability, but stability margins are clearly insufficient. As the normal force level increases, the magnitude of the decay rate rapidly increases. For normal force levels larger than about 2000 lb, the fuselage pitch mode is the least damped mode of the system. Note that the lead-lag damper has little effect on the fuselage pitch mode damping, and hence, the least damped mode of the system, the fuselage pitch mode, retains a nearly constant decay rate for all normal force levels greater than about 2000 lb.
Forward flight analysis
Next, the performance of the proposed friction damper will be assessed in the forward flight regime. The model described in the above sections will be used here again, but the rotor hub is now connected to an inertial point; the rotor speed is set to its nominal speed of 258 rpm and the forward speed is 154.8 kt, corresponding to an advance ratio of μ = 0.36. The aerodynamic model combines thin airfoil theory with a three-dimensional dynamic inflow model. The inflow velocities at each spanwise location were computed using the finite state induced flow model developed by Peters et al. (Refs. 44, 45) . The airfoil has a constant lift curve slope, a 0 = 5.73, drag coefficient, c d = 0.018, and a vanishing moment coefficient about the quarter-chord. The number of inflow harmonics was selected as m = 10, corresponding to 66 aerodynamic inflow states for this problem.
Simulations were run with various normal load levels to assess the effect of the normal force on the decay rate for the undesirable regressive lag mode. In each case, the stability analysis procedure was run for rank numbers of the autoregressive matrix r = 12, 24, 36, 48, 60, 72, 84, 96, 108, and 120. For each load level, the decay rates for these different rank numbers were averaged and the minimal and maximal values were computed. Figure 7 shows that increasing the normal load level increases the regressive lag mode decay rate, as expected. Furthermore, in the range of normal loads investigated in this study, the relationship between these two quantities seems roughly linear. As in the case of the ground resonance analysis, the damping capacity of the proposed friction device can exceed that of the currently installed hydraulic damper, for high enough levels of the normal force.
This finding is visually confirmed by observing Fig. 8 , which shows the response of the lead-lag angle to an initial excitation for the hydraulic and friction dampers with three different normal load levels: 2500, 5000, and 10,000 lb. It is clear that the hydraulic device provides higher levels of damping than the friction device for normal force levels of 2500 and 5000 lb, but at the 10,000-lb level, the situation is reversed. Clearly, the proposed friction device is able to provide damping on demand by varying the normal force level. In forward flight at 154.8 kt, the rotor is stable without lead-lag dampers, although the decay rate is undesirably low. With a semiactive device, the damping level in the various flight regimes can be selected independently; in forward flight, once a desired damping level has been determined, Fig. 7 can be used to estimate the required normal force level. For passive devices, the damping level is a consequence of the physical characteristics of the damper, which have been selected to provide adequate energy dissipation characteristics in ground resonance and maneuver flights.
As shown in Fig. 8 , the asymptotic average lead-lag angles as well as their waveforms are different for the hydraulic and friction dampers with various normal load levels. This underlines the fully coupled nature of the problem: Damper performance is not solely a consequence of the device's physical characteristics but also of its interaction with the dynamical system. This is also observed in the top plot of Fig. 9 , which represents the damper stroke in the hydraulic damper and in the friction damper with a 5000-lb normal force, over one period of the rotor. The other plots show the damper velocity and the damper force in both cases. It can be seen that the two responses share some similarities. In fact, comparing the force outputs of both dampers, it seems quite natural that the hydraulic damper has a slightly better decay rate than the friction damper under a 5000-lb normal force, although they are apparently close. Also note the square waves characteristics of friction behavior. It also shows that the peak damper forces are ±1500 lb in the friction damper, whereas those observed in the hydraulic damper are ±3200 lb. Clearly, the friction damper reduces blade inplane loads.
Assessment of the Concept of Selectivity
The preceding section has focused on adaptive damping or "damping on demand." With semiactive dampers, it is possible to proceed one step further and selectively damp the component of damper stroke at a specific frequency, while minimally affecting other components. To be more precise, the stroking of a rotorcraft lead-lag damper consists of the superposition of motions at the first lag frequency, ω ζ , and the response at all other frequencies. The former contains motions due to the stable progressive mode, the collective and differential inplane modes, and the potentially unstable regressive inplane mode that is targeted here, whereas the latter contains, in particular, the contributions at 1P, and at nP in general. The relative velocity of the damper, v(t), is written as v(t) = v r (t) + v o (t), where v r is the relative velocity at the regressive lag frequency, whereas v o represents all other components. Included in this latter category, is the large damper stroke rate at 1P, generated by the Coriolis forces associated with the flapping of the blade; in forward flight, this 1P component dominates the damper stroke rate. The reason for making a distinction between lag regressive and other components is clear: The purpose of the damper is to control the potentially unstable regressive lag mode. Passive dampers will generate damping forces that depend, in general, on the device's stroke and stroke rate across the entire frequency spectrum, and consequently, they apply large damping forces in response to large 1P stroke rates. These large forces are not necessary since the inherently stable 1P motion does not need damping, but yet, are applied to the blade and hub, in turn creating large stresses and potential fatigue problems. The concept of selective damping can now be defined more precisely for rotorcraft problems: Can a semiactive damper be used to selectively damp the regressive lag mode of the blade while minimally affecting the other modes?
Selective damping algorithm
To assess the concept of selectivity, a semiactive friction damper will be considered. It is assumed that a controller adjusts the normal force at the friction interface to be proportional to the relative velocity, i.e., . 9) , or with hydraulic dampers featuring controllable flow valves, although in both cases, some level of nonlinearity would be typically observed. The present controller makes the damper behave like a viscous damper, but other strategies are possible, such as a full normal force strategy (bang-bang controller). However, this strategy creates undesirable impulsive forces and simulations also showed selective damping to be ineffective in this case. In view of the exploratory nature of this study, the simple model described above will be used. Note that if the device is passive, i.e., c(t) = c, the damper becomes a simple, linear viscous damper.
The work done by the damper force between two arbitrary times, t i and t f > t i , is
This work is necessarily negative, as expected in view of the dissipative nature of the device. Next, the work done by the damper force on the regressive lag component of the relative velocity during the same period is
It is important to note that the instantaneous work done by the friction force on the regressive lag component can be negative, positive, or even zero, because the product vv r can be negative, positive, or zero. Even a passive device, for which c(t) = c, could instantaneously add energy to the regressive lag mode, although the device is instantaneously dissipative, as implied by Eq. (4). This observation clearly underlines the fact that passive devices are not ideally suited to the targeted damping of a specific component of the stroke rate. On the other hand, the same observation suggests a strategy for selective damping, when a semiactive device is available. If vv r > 0, the damper extracts energy from the regressive lag mode, whereas if vv r < 0, the damper adds energy to the same mode. The following selective strategy is proposed: if vv r > 0, select c = c max to maximize energy dissipation of the regressive lag mode, while possible, whereas if vv r < 0, select c = 0 to avoid adding any energy to the targeted mode. This approach will maximize energy dissipation of the targeted mode.
Model problem
The concept of selectivity will be tested within the framework of the ground resonance analysis developed by Coleman and Feingold (Ref. 20) . Their model was modified to include the blades' flapping motion in addition to the lead-lag motion. The flapping degrees of freedom influence the lead-lag degrees of freedom through the Coriolis coupling term. The presence of a flapping motion is representative of slope landing, for example. The rotor consists of four identical rigid blades connected to the hub by means of offset lag hinges. A semiactive friction damper is located in each hinge. The hub is represented by a concentrated mass and is connected to the ground by springs and linear dashpots along two orthogonal directions. All the model parameters can be found in Table 1 . To introduce a 1P component into the lag motion, a sinusoidal flap motion of the blade was prescribed at the 1P frequency, β i = β 0 + β 1 sin ψ i , where β 0 = 15
• and β 1 = 7
• . Hence, the total lead-lag response contained a 1P contribution, a regressive component, and several other modes. A high value of the coning angle β 0 was chosen to ensure the presence of a large enough 1P contribution, so as to better exhibit the identification and stabilization of the lag regressive component that might potentially be small compared to the dominant (but stable) 1P component. The smaller the amplitude of the 1P motion, the easier one would expect the identification of the lag regressive part to be; hence, a more demanding case is being considered here.
Using the multiblade coordinate transformation, the lead-lag angle, ζ i , i = 1, 2, 3, 4, of each blade can be written as
where ζ 0 , ζ s , ζ c , and ζ d are functions of the nondimensional time = t, ψ i is the azimuthal position of the ith blade, and the rotor angular speed. It will be convenient to introduce the following notation for the cyclic component of the lead-lag angle, ζ y,i = ζ s sin ψ i + ζ c cos ψ i , and the nondimensional time derivative of the blade lead-lag angle becomes
where the notation (·) * indicates a derivative with respect to the nondimensional time .
It is now possible to describe the proposed selective damping algorithm for the model problem at hand. The damper friction moment for the ith blade has the following form: 
and d is the distance from the center of the lag hinge to the lead-lag damper axis. The selective damping control algorithm now becomes
where ζ * i,r is the regressive lag component of the velocity signal for the ith blade.
Identification algorithm
To implement the proposed selective damping algorithm, it is necessary to accurately estimate the regressive velocity, ζ * i,r , since the sign of this quantity dictates the switching strategy (see Eq. (8)). At first, the cyclic components of the angular velocities are obtained from Eq. (7) as
Next, for a given azimuth angle , estimates of the Fourier components of the regressive velocity are found as follows:
whereω ζ = ω ζ / is an estimate of the regressive lag frequency identified by Fourier analysis. Finally, the estimated regressive velocity for the ith blade becomes
This estimate will be used in the proposed selective damping algorithm, Eq. (8), instead of the unknown, actual regressive velocity of the ith blade, ζ * i,r .
Simulations and results
At first, consider the case of a passive damper characterized by a friction moment M f i = −pζ * i (t), where p is a constant. It is well known that if too little damping is available, the system becomes unstable due to the ground resonance phenomenon. Let p cr be the minimum constant required to stabilize the system. The nondimensional damping constant, η = p/p cr , is introduced: for η = 1, the system is neutrally stable, for η < 1, the system is unstable, and for η > 1, it is stable.
Next, simulations were performed with the semiactive friction damper controlled by the proposed selective damping algorithm, Eq. (8), using the estimated regressive velocity, Eq. (11). Simulations were run for nondimensional damping constants η = 0.75, 0.85, 1.15, and 2.0; in each case, the performance of passive and semiactive dampers was contrasted. For the passive dampers, η = p/p cr , where p is the dashpot constant of the device, whereas for semiactive dampers, η = p max /p cr , where p max is defined in Eq. (8) . Figure 10 shows the results of the simulations for the four η values: the lateral displacement q y of the hub, nondimensionalized by the rotor radius R, is shown as a function of the nondimensional time for both passive and semiactive devices. When η = 0.75, the system is unstable with the passive damper, as expected; the system is also unstable with the semiactive device, although with a lower growth rate. For η = 0.85, the system is still unstable with the passive damper, as expected; however, the selective damping approach is able to stabilize the system. This simulation clearly demonstrates the advantage of selective damping: the system can be stabilized by targeting the damping to the unstable mode. By trial and error, it was determined that the selective damping algorithm is able to stabilize the system for nondimensional damping constants η > ∼ 0.76. Next, Fig. 10 shows the simulation results for the case of η = 1.15. In this case, the passive damper is able to stabilize the system, although the selective damper shows better performance. Finally, the last plot of 10 compares the two dampers for η = 2.0: here again, the two devices are able to stabilize the system and feature similar decay rates. Unfortunately, these two last plots also reveal a disturbing trend associated with the selective damper: while system response rapidly decays, residual oscillations of small amplitude, akin to a limit cycle oscillation, cannot be eliminated. This phenomenon is not observed for the passive damper. The presence of residual oscillations is easily explained: as the selective algorithm quickly controls the instability, the amplitude of the regressive lag mode rapidly decays and becomes much smaller than the 1P component of the lead-lag signal. In effect, the regressive lag component becomes noise compared to the 1P signal, and the estimated regressive velocity, Eq. (11), becomes increasingly inaccurate. In the presence of this inaccurate estimate of the regressive velocity, the selective algorithm, Eq. (8), is no longer capable of properly targeting the regressive lag mode and loses its effectiveness. These observations are consistent with the fact that the selective control law is only meaningful when a significant regressive lag component is present.
A logical solution to this problem is to transition from selective to passive damping strategies once the average regressive lag vibration amplitude falls below a given threshold. Figure 11 compares the performance of the selective damper without and with thresholds: clearly, the latter approach eliminates unwanted residual vibrations. Figure 12 compares the passive and selective devices in terms of the energy dissipation of the damper, for η = 1.30. In both cases, the total work done by the damper is monotonically decreasing, which is consistent with the property that a damper can only extract energy from the system. However, the total work done over a given time interval is larger in the passive case. Indeed, the system response is larger in that case, as the plots in the bottom part of Fig. 12 show, and moreover the damper is always on. The work done on the regressive lag component in both cases can also be compared. It should be stressed that this quantity is computed using the identified regressive lag component. The advantage of using selectivity becomes apparent here: in the semiactive case, the work done on the regressive lag component decreases monotonically, whereas in the passive device, the instantaneous power on the regressive lag component can be positive, implying that energy is in fact transferred to the regressive lag component. Consequently, it can be observed that the work done on the regressive lag component over a given period of time is larger in the selective case, leading to a better damping out of the instability. This is clearly shown in Fig. 13 , which represents the work done on the regressive lag component in more detail.
Finally, simulations have been run that reveal some of the drawbacks to the use of selectivity: indeed, for the selective law to work correctly, the regressive lag component used in the control law needs to be properly identified. This is visually demonstrated in Fig. 14, which shows the lateral motion of the fuselage in the passive and selective cases, the latter being this time performed with an error introduced intentionally in the frequency identification: the identified regressive lag frequency used in the control law was set to a value lower than that obtained through Fourier analysis by 2.5%, to simulate the unavoidable error inherent to any identification algorithm. It clearly shows that the passively stable system can be destabilized through an inappropriate control schedule.
In summary, it has been demonstrated that a simple algorithm for selective damping can be very effective. In fact, when using selectivity, it is possible to stabilize a system that would be unstable when using a passive damper of identical dashpot constant. On the other hand, selective damping also presents serious drawbacks. First, as the available damping of the device increases, the advantage of selectivity decreases. For fail safe design considerations, semiactive devices are likely to be built with η > 1.0 to ensure system stability in the case of controller or actuator failure. Hence, it is unlikely that selective damping will lead to dramatic performance improvements. Second, because the nonperiodic regressive lag mode is targeted for damping, the selective damper actuation is itself nonperiodic; this will result in unwanted 1P fixed system vibrations. Third, the accurate identification of the regressive lag component is indispensable. Finally, the actuation associated with selective damping is more complex than that required for adaptive damping. Whereas adaptive damping calls for slow actuation, typically varying with flight condition only, selective damping requires a more complex, faster actuation schedule.
Conclusions
This paper has focused on the analysis and performance evaluation of semiactive, Coulomb friction lead-lag dampers. Both adaptive and selective damping strategies were investigated. Simulations were run in both ground resonance and forward flight to assess the use of friction as an energy dissipation mechanism to control the ground resonance instability and provide adequate lead-lag damping levels. The following conclusions can be drawn from this study:
1) Through identification of modal decay rates, it was demonstrated that the energy dissipation capacity of the proposed friction damper increases with increasing normal force levels. Furthermore, the proposed concept is able to match or exceed the damping levels of the presently installed hydraulic dampers on the UH-60 aircraft.
2) The ability to adapt the damping level of the proposed device enables the concept of damping on demand. For flight conditions requiring lower energy dissipation levels, it becomes possible to lower the damping forces in the damper, as well as those applied to the blade and hub, resulting in lower stress levels and potential weight savings.
In the second part of this paper, the concept of selective damping was investigated. Whereas many dampers are designed to absorb as much energy as possible, the purpose of rotorcraft lead-lag dampers is to control the rotor regressive lag mode. The concept of selective damping is to target energy dissipation to the regressive lag mode while minimally affecting the other modes. Selective algorithms were proposed and implemented within a simplified analytical framework. The following conclusions can be drawn from this exploratory study: 1) Selectivity does enhance the performance of lead-lag dampers. In fact, when using selectivity, it is possible to stabilize a system that would be unstable when using a passive damper of identical dashpot constant.
2) While the potential of selective damping has been demonstrated, this concept faces numerous drawbacks that might prevent its practical implementation. Indeed, selectivity requires increased actuation and controller complexity; furthermore, fail safe operation considerations might drive the design to a configuration where selectivity provides little advantage over less complex designs. Clearly, further studies would be required to obtain fully satisfactory designs.
